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METHOD OF COATING MICROELECTRONIC SUBSTRATES 

James P. DeYoung, James B. McClain, Stephen M. Gross, 
Doug Taylor, Mark 1. Wagner, and David Brainard 

ttoiflted Applications 

This application claims the benefit of United States Provisional patent application 
Serial No. 60/442,867, filed January 27, 2003, the disclosure of which is incorporated by 
reference herein in its entirety. 

Field of the InventioD 

The present invention concerns substrates such as microelectronic substrates and 
methods of depositing a coating component thereon, including electrically conductive 
coatings. 

BackgrounH of the Invention 

The manufacture of microelectronic devices (semiconductors based on silicon or 
compound semiconductors, integrated circuits, logic, memory, etc as well as magnetic 
recording media, displays, LEDs, OLEDs, MEMS. MEOMS, Rf devices, etc.) is progressing 
toward needing scCO^based processes to deliver performance-enabling manufactunng 
technology in a wide range of process applications (cleaning, stripping, etching, polymer- 
layer deposition, photoresist deposition, photoresist manipulation, lithographic image 
development, CMP, metal layer deposition, seed layer deposition, barrier layer deposition, 
and metal fill steps). A broad family of these needed applications is the deposition of thm 
and often conformal films onto surfaces in tiie manufactiure of microelectironic devices, or 

specifically semiconductors. 

High purity metals and metal oxides are of great importance to the microelecft-onic 
industry, as are the deposition processes that can provide tiiin and conformal fihns. As 
minimum featiare sizes shrink and certain device structures require deposition into high aspect 
ratio structiires, conventional physical vapor deposition (PVD) processes fail to deliver 
needed fihn qualities. While chemical vapor deposition (CVD) can deliver enhanced 
confomiality, the need for precursor volatility can limit die metal precursor sources. 
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Additionally, it is not believed that CVD techniques will meet the stringent requirements of 

the 45-nm node and beyond. 

Atomic Layer Deposition (ALD) is a heavily evaluated teclmique that has not yet 
broadly impacted the microelectronics industry. It is believed that ALD can deliver the 
needed metalUc Bhn qualities at the 45-nm node and beyond However, this technology .s 
not without limitations. ALD is a cyclical process where alternating cycles of chemrcal 
reagents are appUed to a substrate under vacuum. During each so-called half cycle, a 
monolayer or a ftaction of a monolayer is chemisorbcd to the subsO^te surface and a 
subsequent redox reaction takes place. Because the reaction chemisti^ is conttoUed at dre 
surface, the fihns are tn.ically very conformal but application of frhns of apprecable 
fluckness is notably slower than conventional processes. Additionally, ALD being a vacuum 
process presents an integration challenge for the adoption of porous low k materials m that 
barrier application using ALD can intercalate barrier materials into the pore structure of the 
insulator layers. 

In the field of semiconductor device manufacturing, deposition processes can be 
characterized by sidewall step coverage and aspect ratio. Sidewall step coverage is defined as 
the ratio of a layer's thickness on the sidewall of a feature to that on a horizontal surface 
adjacent to the feature and is generally expressed as a percentage. Aspect ratio is defined as 
the height of a feature (e.g., a via or trench) versus the width of the feature. A drawback of 
the conventional copper intercomxect dual damascene and single damascene process is the 
low sidewall step coverage obtained for Ta and TaN copper intercomiect bamer layers 
formed using Physical Vapor Deposition (PVD) techniques. For high aspect ratio via and 
trench features (e.g., aspect ratios of 4:1 and greater), the sidewall step coverage obtained 
with PVD techniques is typically around 10%. Atomic Layer Deposition (ALD) has been 
investigated to overcome this problem, but is inherently slow. 

Metal deposition processes also need to be flexible to the application of new materials 
needed to meet the changing needs of the microelectronics industry. Both CVD and ALD 
rely heavily on the availability of volatile precursors. What is needed is a techmque that 
meets the stringent requirements of the 45-mn node and beyond and also provides few 
limitations in terms materials and processing parameters. 

Liquid and supercritical CO, have been disclosed for deposition of a variety of 
materials to substrates including semiconductor wafers. In US Patent No. 6,001,148 
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DeSimone e, a, provide a meftod for spin-ooatog a liqmd CO. soluble photoresist onto a 
semiconductor wafer. In US Paten. No. 6,083,565 Carbonell e. al show the use of hqu-d CO, 
ir, meniscus coating a variety of substrates with CO, soluble polymers. In US Paten. No^ 
6 165 559 McClain e. al show the use of liquid and supercrital CO, for applica«on of 
^edominantly polymeric films to solid substrales. All of these process me*ods explor. to 
low or nonexistent surface tension and ext^mely low vis«>si.y of dense CO, .o p.«vrde 

superior film qualities. 

In US Paten. NO. 5.789,027 Watkins e. al. provide a method for applying metalhc 
films U. substta.es including semiconduclor ma.erials using supercri,ical €02 to chemically 
deposit materials onu. substta..s. In to described process a metal organic precursor matenal 
is added to supen:ritical C02 and exposed U> a «ge. substrate. For fihn growth to occur a 
chemical ,eag«.t. typicaUy a reducing gas. is added .o to supe^Ucal C02 composition to 
drive to chemical reaction fl>a. resulls in metal deposition. To specifically deposi. metal on 
to substrate, to substia.e is typically heated in a so-caUed -cold-waU' reader design. TUs 
metirod takes advantage of to ideal wetting properties (no surface tension, low viscosrty) of 
to fluid media to provide high quality fihns. However, unlike ALD where reactions are self 
limiting, the chemical kinetics of this deposition mett-od is no. easily modeled or weU 
understood. Furthermore, hea, transfer from to substrate, which may be in excess of 200 "C. 
,o to fluid, a. ideally a substantially lower temperatiare. is dynamic and substantially 
influences film properties. Additionally, this metod will also re^rl. in deposition of me|al 
inti, porous substrates limiting its in.egra.ion capacWy for porous low k materials. FmaUy. 
tins process meUiod has no. demonstiated to ability to deposi. contiguous conformal fihns 
down .0 and below lOmn for barrier layer deposition a. (he 45-mn node and beyond. 

What is needed is a method that exploiu the fluid properties of liquid and supercritical 
C02 What is needed is a metod tirat is capable of preventing to intercalation of metal m.o 
porous substiates. Wha. is needed is a method where to deposition of to metallic fihn rs 
not eompUcated by heat tiansfer issues. What is needed is a mettrod where to chemrcal 
kinetics can be unders.ood and tiierefore continued. What is needed is a method where to 
pr^ursor material (organometallic) is separate and independent from to reaction step. 
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Siimmarv of the Invention 

The invention encompasses a new method for coating a substrate with a fihn. It is 
particularly applicable to microelectronic substrates, the application of reactive materials, and 
the formation of metallic fihns. The technology is broadly referred to as Fluid Displacement 
Deposition (FDD), h. general, FDD encompasses the steps of: dissolving or dispersing a 
CO.-soluble or dispersable coating reagent, typically a reactive material, into liquid or 
supercritical carbon dioxide; using one of a variety of displacement methods to apply a toi 
fihn of the material to a substrate (particularly a microelectronic substrate); then, when 
necessary, reactively converting the coating reagent to a stable form. 

A first aspect of the present invention is, accordingly, a method of coating a substrate 
(eg. a microelectronic substrate). The method comprises the steps of: 

' (a) providing a substrate (e.g.. a microelectronic substrate) m an enclosed vessel, the 

substrate having a surface portion; 

(b) at least partially filling the enclosed vessel »ith a first supen^ritical flmd so that 
the firs, supe^^fical fluid contacts the sttrfece portion, the firs, supercritical fluid carrymg a 

coating component; then 

(c) adding a separate cotnpressed ga. atmosphere to the reaction vessel so that a 
boundary is fonned between the first supercridcal fluid and the separate compressed gas 
annosphere. the separate compressed gas atmosphere having a density less than the first 

supercritical fluid; and then 

W displacing the first supercritical fluid from ttte vessel by continuing addmg «.» 
separate compressed gas atinosphere to the vessel so that *e boundary moves acmss the 
surtee portion and a thin film of coating component is deposited on tiie substi:ate. 

to one embodhnent of the invention, the first supercritical fluid dissolves or disperses 
into the separate compressed gas amtosphere during the displacing step while the thm fihn of 
coating component is deposited, thus facilitating flie deposition of the dun film. 

One embodiment of die invention finttte, comprises tite step of: at least parttally 
flUing the enclosed vessel with a secondary compressed gas (which may be of the same 
composition as the separate comprised gas atinosphere as described herein), whtch 
secondary compressed gas preferably does not contain a coating component, between the 
providing step (a) and tite at leas, p^ally flllmg step (b). TOs "pre-fiHing" ^.ep may be 
used, among otiter titings, to fill a porous substiate so tt«t «,e coating component is depostted 
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primarily or substantially on the outer surface thereof, without substantially intercalating into 

and coating inner surfaces thereof 

m an embodiment of the invention, the first supercritical fluid and the second 
compressed gas atmosphere are xn the vessel are at a pressure of between about 1.000 and 
10 000 psi and a temperature of between about 30 and 250 degrees Centigrade. 

In an embodiment of the foregoing, the first supercritical fluid comprises carbon 
dioxide; and the separate compressed gas atmosphere comprises at least one gas selected 
from the group consisting of helium, argon, nitrogen, oxygen, hydrogen, carbon dioxide, and 
mixtures thereof In an embodiment of the foregoing, the thin film is from about 10 

Angstroms to about 2 microns thick. 

In an embodiment of the foregoing, the separate compressed gas atmosphere 
comprises heated carbon dioxide at a temperature at least 5 degrees centigrade higher than 
the temperature of the first supercritical fluid. 

m one embodiment of the foregoing, the separate compressed gas atmosphere is m the 
physical form of a supercritical fluid; in another embodiment of the foregoing, the separate 
compressed gas atmosphere is in the physical form of a gas. 

A further aspect of the present invention is a method for depositing a film of a 
material onto a surface of a substrate, the method comprising: (a) dissolving a precursor of 
the material into a solvent to form a supercritical or near-supercritical (for example, a 
solution having substantially the same solubilizing characteristics for the precursor as a 
supercritical fluid) solution; (b) forming a thin film of the solution on the substrate under 
conditions in which the precursor is stable in the solution; and then (c) contacting a 
conversion reagent to the thin film under conditions that initiate a chemical reaction 
involving the precursor and form a fihn of a chemically converted material on the surface of 
the substrate. 

A method for depositing a film of a chemically converted material onto a surface of a 
substrate, the method comprising: (a) dissolving a precursor of the material into a hquid 
solution comprising CO.; (b) contacting the liquid solution to the surface of the substrate 
under conditions in which the precursor is stable in the solution; and then (c) contacting a 
reaction reagent to a surface of the substrate under conditions that initiate a chemical reaction 
involving the precursor and deposit a chemically converted material onto the surface of the 
substrate. 
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A method for depositing a film of a chemically converted material onto a surface of a 
substrate, the method comprising: (a) dissolving a precursor of the material into a liquid 
solution comprising CO^; (b) contacting the liquid solution to the surface of the substrate 
under conditions in which the precursor is stable in the solution; and then (c) heatmg the 
substrate to convert the precursor material to form a fihn of a chemically converted material 
on the substrate. 

A method for depositing a fihn of a chemically converted material onto a substrate, 
the method comprising: (a) dissolving a precursor of the material into a hquid solution 
comprising CO2; (b) forming a thin fihn of the solution formulation on the substrate, then (c) 
contacting a reaction reagent to the thin fihn under conditions that initiate a chemical reaction 
involving the precursor depositing a chemically converted material onto the substrate. In 
such methods the film formation step may be carried out by fi-ee meniscus coating fi-om a 
composition comprising liquid CO2; by spin coating fi-om a composition comprising liquid 
CO2; by displacing the liquid solution with a separate compressed gas atmosphere as 
described herein; etc. 

The fihn-fihn forming step of methods described herein may be carried out by (i) 
displacing the solution with a separate compressed gas atmosphere or second supercritical 
fluid as described herein, (ii) lowering the density of solution so that the precursor 
precipitates onto the substrate, or (in) combinations thereof. The contacting step may be 
carried out with the conversion reagent in a gaseous or supercritical phase. M an embodiment 
of the foregoing, the contacting step is carried out at a pressure less than ambient pressure. 

In an embodiment of the foregoing, when the chemical reaction produces byproducts 
thereof, the byproducts can be removed by: (i) dissolving the byproducts in the supercritical 
or near-supercritical solution, (u) dissolving the byproducts in a separate compressed gas 
attnosphere, or (ni) dissolving the byproducts in a subsequent fluid or compressed gas 
atmosphere. 

m an embodiment of the foregoing, the solvent comprises carbon dioxide; and the 
material comprises a metal or metalUc precursor. 

In an embodiment of the foregoing, the chemically converted material comprises 

copper. 

In an embodiment of the foregoing, the substrate comprises a semiconductor having 
vias formed therein, and wherein the surface comprises a via wall. In such embodiments, the 
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the chemically converted material comprises a barrier material deposited on the via wall; the 
the chemically converted material comprises titanium nitride or tantalum nitride deposited on 
the via wall; or the chemically converted material comprises ruthenium deposited on the via 
wall. 

In some embodiments the method may fiirther comprise the step of seeding the via 
wall with copper after the barrier material is deposited on the via wall. 

In some embodiments the method may further comprise the step of filling the via with 
copper subsequent to depositing the barrier material and without an intervening seeding step. 
Such filling may be carried out by any suitable technique, such as by electrofiUing or carbon 
dioxide solvent deposition as described h^ein. 

In methods of the invention as described herein, steps (b) and (c) may be cycUcally 
repeated, for example from 1 to 1000 timesm to increase the thickness of the fihn of material 

deposited on the surface. 

Chemical reactions utiUzed in carrying out the foregoing include but are not limited to 
reduction-oxidation (redox) reactions; reactions thermally activated at the substrate surface; 
disproportionation reactions; etc. 

The foregoing and other objects and aspects of the invention are explained in greater 

detail in the drawings and specification set forth below. 

RHpf nftscriptiop "f the Drawings 
Figure 1 schematically illustrates a substrate in a pressure cell, the substrate having a 
thin fihn of a supercritical fluid deposited thereon. 

Figure 2 schematically illustrates a process for forming the product illustrated in 

Figure 1. 

Figure 3 shows the addition of helium to the top of a pressure cell contaimng 
supercritical carbon dioxide at a pressure of 2,500 psig, with the supercritical carbon dioxide 
being forced out of the cell through a drain at the bottom of the cell. The photograph is taken 
through a viewing port in the cell from a slightly elevated position. 

Figure 4 is essentially the same as Figure 3, except that it is taken at a later point m 
time after additional heUum has been added. 
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Figure 5 shows the addition of supercritical carbon dioxide fluid to a pressure cell 
filled with supercritical helium. Note that the supercritical carbon dioxide appears to fall m a 
stream through the helium to the bottom of the cell. 

p^^onaH TiP^rrintion of tb*> Pr<>ferred Embodiments 
Ti^e present invention is explained in greater detail below. This description is not 
intended to be a detailed catalog of all the different ways in which the invention may be 
implemented, or all the features that may be added to the instant invention. For example, 
features illustrated with respect to one embodiment may be incorporated mto other 
embodiments, and features illustrated with respect to a particular embodiment may be deleted 
from that embodiment. In addition, numerous variations and additions to the vanous 
embodiments suggested herein will be apparent to those skilled in the art in light of the 
instant disclosure which do not depart from the instant invention. Hence, the foUowmg 
specification is intended to illustrate some particular embodiments of the invention, and not 
to exhaustively specify all permutations, combinations and variations thereof. 



"Coating component" as used herein refers to any material carried by the first fluid to 
be deposited on a substrate surface, including but not limited to metallic coating components, 
non-metallic coating components such as organic polymers, ceramic and glass materials, 
precursors of the foregoing, etc., as explained in greater detail below. 

"Conversion reagent" as used herein refers to a chemical reagent such as a reducing 
agent that reacts with a precursor material such as an organometallic reagent to form a 
chemically converted material. Suitable examples are: hydrogen, borane, borides, ammoma. 
metal hydrides, silanes, phosphines, phosphides, and organometallic reagents capable of 
undergoing 'redox' reactions with reactive precursor materials. 

"Reactive precursor material" as used herein refers to a material appUed to a substrate 
that subsequently undergoes a chemical reaction with a conversion reagent or with exposure 
to heat and/or electromagnetic radiation. 

"Reactive metal precursor" as used herein refers to a metal containing matenal, such 
as an organometalUc reagent applied to a substrate that subsequently undergoes a chemical 
reaction with a conversion reagent or with exposure to heat and/or electromagnetic radiation. 
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"Chemically converted material" as used herein the product of a reactive precursor 
material upon conversion using a conversion reagent or heat and/or electromagnetic radiation. 

"Separate compressed gas atmosphere" as used herein may be any suitable 
compressed gas which is present in the vessel at a density less than that of the first 
supercritical fluid under the conditions employed in carrying out the process. Examples of 
suitable gasses for the separate compressed gas atmosphere include, but are not limited to, 
heUum, argon, nitrogen, oxygen, hydrogen, carbon dioxide, ozone, and mixtures thereof 

The disclosures of all United States patent references cited herem are to be 
incorporated herein in their entirety. 



2. Substrates. 

Examples of substrates devices that may be coated by the present invention include, 
but are not limited to, microelectronic devices such as microelectromechanical devices 
(MEMs), optoelectronic devices, and, semiconductor substrates in general. 

Figure 1 schematically illustrates a substrate in a pressure vessel, the substrate having 
a thin film of a supercritical fluid deposited thereon. Figure 2 schematically illustrates a 
process for forming the product illustrated in Figure 1. In general, a pressure vessel 11 
contains a substrate 12 to be coated with a fihn of a first supercritical fluid 14, the first 
supercritical fluid containing or carrying a coating component (e.g.. solubilized, dissolved or 
dispersed therein). A second supercritical fluid or separate compressed gas atmosphere 15 is 
introduced into the pressure vessel (e.g. at a pressure slightly greater than the first 
supercritical fluid) and the first supercritical fluid forced firom the vessel {e.g.. through a 
backpressure valve) so that the pressure in the vessel remains substantially the same. A thin 
fihn of the first supercritical fluid and/or the coating component is thereby deposited on the 
substrate. Without wishing to be bound to any particular theory, it is believed that the 
residual first supercritical fluid at the substrate interface quickly mixes with or diffuses into 
the second supercritical fluid or separate compressed gas atmosphere, leaving only the 
coating component at the surface of the substrate. Since the typically low-density second 
supercritical fluid/separate compressed gas atmosphere is not a good dispersing media or 
solvent for the coating component, this component remains isolated at the surface. 
Intervening steps or steps subsequent to the deposition step, such as reaction steps, may be 
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perfonneci on the coating component applied from the first supercritical fluid, as explained 
fiirther herein. 

^ Vir^t >i«nercnH.ai flnid and s i ^r-r.t^ cnmnressed pas atmosphere. 

Carbon-dioxide compositions that may be used as the first supercritical fluid m 
carrying out the present invention typically comprise: 

(a) carbon dioxide to balance, typically at least 20, 30, 40, 50 or 60 percent; 

(b) from 0. 0.01, 0.1, 0.5. 1 or 2 percent to 5 or 10 percent or more of surfactant; 

(c) from 0.0.01. 0.1, 1 or2to 30. 40 or 50percentormore of an organic co-solvent; 

(d) optionally, from 0. 0.01. or 0.1 to 2 or 5 percent water; and 

(e) from 0.01. 0.1. or 1 to 2. 5 or 10 percent or more of a coating component 
distributed in the composition (e.g., as a solution or a dispersion). 

The first supercritical fluid and separate compressed gas atmosphere in the vessel are 
typically at a pressure of between about 1,000 or 1,080 psig to about 5.000 or 10.000 psi and 
a temperature of between about 30 or 31 degrees Centigrade up to about 150 or 250 degrees 
Centigrade. 

The thickness of the thin fihn will vary depending upon the particular coatmg format 
employed and ingredients optionally contained in the first supercritical fluid (e.g., coating 
components), but will typically be from about 10, 100 or 200 Angstroms to about 1 or 2 
microns thick. 



4- Coating c nmponeiits. 

The coating component may include one or more of CO.-philic polymers and 
polymeric materials dissolved or dispersed in formulated C02 and polymer matenals such 
as dielectrics, photoresists, lubricants, insulators, pigments, etc. (including, but not limited to 
pure C02 at supercritical conditions; cosolvent-modified C02 continuous phase; 
microemulsion domain of polar media-water (utiUzing surfactant compositions of both 
C02-philic and C02-phobic sfructures; and combinations thereof); surface active matenals 
(e g coatings that would associate, bind or bond to the surface (induing but not limited to 
those described in US Patent No. 6.287,640); ceramic and glass precursor matenals such as: 
silicon-network precursors (including but not limited toTEOS. hydrogen silsesquioxane 
(HSQ) methyl silsesquioxane (MSQ)) and other network precursors based on other 
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semiconductors and on group IV and group V metals; metal atoms such as copper and 
aluminum; metal complexes dissolved or dispersed in the carrier solution; metal contammg 
nanoparticles; metal containing clusters; metallic layer precursors dissolved or dispersed m 
the carrier solution (for example specific chemistries to form 'barrier-layer' materials m 
semiconductor fabricaion - Tantalum, Tungsten and Titanium Nitrides, Ruthemum, 
Carbides, Silicides, as well as binary and ternary materials such as those contaimng Boron. 



5, Coating; procedures. 

The coating process may be embodied in any convenient format, including but not 
lixnited to: Meniscus coating including all variations thereof, including but not limxted to 
those described in US Patent Nos. 6,497.921 and 6,083,565; spin coating includmg all 
variations thereof, including but not limited to those described in US Patent No. 6,287,640); 
displacement coating as described herein, including 1) using a second low density 
supercritical fluid or compressed gas to displace a first supercritical fluid containing a coating 
component, or 2) using a gas or supercritical fluid to displace a liquid CO. composition 
containing a coating component 3) using gravity to drain a liquid C02 composition 
containing a coating component 4) using physical movement of the substrate through a liquid, 
supercritical or dense phase C02 composition containing a coating component; and 
precipitative coating, where a coating component is dissolved or dispersed in dense CO. 
under one set of conditions of temperature and pressure (density) and a second set of 
conditions, typically a reduction in pressure, temperature or both, is employed causmg the 
coating component to precipitate out of the dense fluid and onto the substrate. 

Once the coating component is deposited onto the substrate, the coating component 
may become reactively associated with the substrate surface. Typically, this is accomplished 
by 1) the addition of a conversion reagent otherwise known as a reagent, or 2) by heating of 
the substrate to drive the chemical reaction, or 3) both addition of a reagent and heating of the 
substrate. Typical chemical conversions include but are not limited to condensation 
reactions, disproportionation reactions, reduction-oxidation reactions (redox), hydrolysis 
reactions, and cross-linking reactions. 
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The present invention is explained in greater detail in the following non-limiting 
Examples. 

EXAMPLE 1 
Formation of a Boundary between 
Snnercritical Helium and Su pprrrifical Carbon Dioxide 

A high pressure view cell filled was filled with supercritical carbon dioxide at a 
temperature of about 55 degrees Centigrade and a pressure of about 2800 psig. The 
supercritical carbon dioxide contained a co-solvent N-methyl pyrolidone (NMP) at less than 
about 40/0 by volume. Draining is through a back-pressure regulator to maintain near constant 
pressure within the cell. Figure 3 shows the addition of supercritical helium to the top of the 
view cell at a pressure of about 2.900 psig and the same temperature as the supercnUcal 
carbon dioxide. The photograph is taken through a viewing port in the ceU firom a slightly 
elevated position. The supercritical helium is in the top portion of the cell, the supercntical 
carbon dioxide is in the bottom portion of the cell, and the supercritical carbon dioxide with 
the NMP is being forced out of the cell through a drain at the bottom of the cell. The 
formation of a boundary between the two supercritical fluids is observed as the dark border 
between the upper and lower regions in the cell. After additional time and after additional 
helium has been added it will be noted in Figure 4 that additional supercritical carbon 
dioxide has been forced out of the drain at the bottom of the cell. A thin layer of the 
supercritical carbon dioxide, with any coating component carried therein, adheres to the view 
cell window, which represents a substrate being coated. 

Figure 5 shows the addition of supercritical carbon dioxide fluid to a pressure cell 
filled with supercritical helium at about 2900 psig and about 55 degrees Centigrade, with the 
carbon dioxide being added at a sUghtly higher pressure of about 2950 psig. Note that the 
supercritical carbon dioxide falls in a stream through the helium to the bottom of the cell. 
The boundaries of this falling stream represent an boundary between the supercritical carbon 
dioxide and the supercritical helium and allows a coating component carried by the 
supercritical carbon dioxide to be deposited by the supercritical carbon dioxide onto a 
substrate, in this case the bottom of the view cell. Note that the carbon dioxide phase at the 
bottom is being allowed to drain through the bottom of the cell through a back-pressure 
regulator to maintain a near-constant pressure within the view cell. 
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EXAMPLE 2 
rnating of a Substrate from S upercritical CO2 
A process for applying a coating component from supercritical carbon dioxide is 
described as follows. A substrate is added to a pressure vessel that is closed and sealed. A 
coating component dissolved in supercritical CO. is then added to the sealed vessel at 3000 
psi and 50°C. Supercritical helium is then added to the top of the vessel at 3050 psi and 50°C 
while a back-pressure regulator comiected to a port on the bottom of the vessel is activated 
providing a pathway for the supercritical CO2 to exit the pressure vessel while the pressure m 
the vessel remains nearly constant at 3050 psi. As the boundary between the two 
supercritical fluids passes over the substrate, a thin fihn of the first supercritical flmd 
containing the coating component is deposited on the substrate. TTie supercritical CO. m this 
thin fihn rapidly diffiises into the helium leaving the coating component depostted onto the 
substrate. The supercritical helium is then vented from the chamber leaving a thin fihn of the 
coating component on the substrate. 

EXAMPLE 3 

Coating of a Substrate with a Reactive Component from 
Siinercritical ^02 and Sub ^eniient Convprsion to a Stable FUm 

A process for applying a reactive coating component from supercritical carbon 
dioxide is described as follows. A substrate is added to a pressure vessel that is closed and 
sealed A reactive coating component dissolved in supercritical C02 is then added to the 
sealed vessel at 3000 psi and 50°C. Supercritical helium is then added to the top of the vessel 
at 3050 psi and 50<'C while a back-pressure regulator connected to a port on the bottom of the 
vessel is activated providing a pathway for the supercritical C02 to exit the pressure vessel 
while the pressure in the vessel remains nearly constant at 3050 psi. As the boundary 
between the two supercritical fluids passes over the substrate, a thin film of the first 
supercritical fluid containing the reactive coating component is deposited on the substrate. 
The supercritical C02 in this thin film rapidly diffuses into the helium leaving the reactive 
coating component deposited onto the substrate. Hydrogen gas in then added to the 
predominantly helium enviromnent and the substrate is heated causing the reactive 
component to be converted to a stabile fihn. 
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EXAMPLE 4 

y.. p»cu;»» nf rnnner on a M iorn^lectronic Substrate from Supercritical C02 
A process of forming a thick or multi-layer copper fibn is carried out as follows: 1) 
An organometalUc precursor of Cu is dissolved in C02 in a high pressure cell containing a 
substrate. 2) Helium gas is added to the pressure vessel slowly displacing the C02 fluid 
mixture leaving a film of organometalUc containing precursor on the substrate. 3) the 
pressure of the system is dropped by 10 atm facilitating rapid diffusion of C02 from the 
surface fibn into the predominantly helium atmosphere, and 4) 10 atm of H2 gas is added to 
the pressure vessel while the substrate is heated to 220°C to reduce the metallic species from 
oxidation state Cu(ID to Cu(0) leaving a metallic fibn. 5) the pressure vessel is then refilled 
with the C02/organometallic mixttire displacing the helium/H2 gas followed again by 6)slow 
helium displacement and 7) H2 reduction. This process is repeated several times to depostt a 
fibn of the desired thickness. 



EXAMPLE 5 

nf « rnnner film »"tn « Mlcroelectronir Substrate iisinff Liquid CO2 

A process for applying copper to a microelectronic substrate fi-om liquid carbon 
dioxide is described as follows. A Cu(II) metal complex is dissolved in a liquid C02 
composition at a pressure of 1500 psi and a temperature of 20'>C in a pressure vessel 
containing a microelectronic substrate. Supercritical helium is then used to displace the 
Uquid C02 containing the Cu(ID species firom the vessel at or near a constant pressure of 
1550psi. As the boundary between the liquid C02 and the supercritical helium passes over 
the substrate a thin film of liquid C02 containing the Cu(II) species is deposited onto the 
substrate . Hie pressure of the system is dropped by 10 atm faciUtating diffixsion of the 
residual liquid C02 into the predominantly helium atmosphere. Ten atmospheres of 
hydrogen gas is then added and the substrate is heated to 220°C to reduce the metallic species 
from oxidation state Cu(ID to Cu(0) leaving a metallic fibn. The pressure vessel is then 
refilled with the C02/organometallic mixttire displacing the heliumAi2 gas followed again by 
slow helium displacement and H2 reduction. This process is repeated several times to 
deposit a film of the desired thickness. 
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EXAMPLE 6 
Deposition of a Ruthenium Barrier Layer to an 
Vtch Patterned Semiconductor Subst --^*" fram I Jauid COi 

A clean semiconductor wafer containing a top surface layer of a patterned dielectric 
material is added to a pressure chamber equipped with a wafer holding device, an infrared 
energy source to heat the wafer and its surface, and a pump and heat exchanger to mamtam 
the bulk fluid at approximately 20 °C in the Uquid state. Liquid CO2 containing a CO, 
soluble Ru(ID precursor is added to the vessel containing the wafer to 2500 psi and 20 °C . 
An additional ten atmospheres of hydrogen gas is added to the vessel and IR radiation is 
appUed to the wafer surface to heat the wafer. Radiant and conducted heat is effectively 
removed fo>m the fluid using the associative pump and heat exchanger to maintain the fluid 
temperature below the critical temperature of the mixture. After a nominal period of time, 
the radiation is stopped and the system is flushed with pure liquid C02. The system is then 
vented and the wafer is isolated yielding a Ruthenium coated surface layer. 

EXAMPLE 7 
Deposition of a Ruthenium Barrier Layer to an 
Ftrh Patterned Si>miconducto r Snhstrate from supercritical COz 

A clean semiconductor wafer containing a top surface layer of a patterned dielectric 
material is added to a pressure chamber equipped with a wafer holding device and an infrared 
energy source to heat the wafer and its surface. Supercritical CO, containing a CO, soluble 
Ru(ID precursor is added to the vessel containing the wafer to 2500 psi and 40 "C. A second 
compressed gas comprising 5% Hydrogen and 95o/o C02 at 100 °C and 2550 psia is added 
displacing the first supercritical C02 and leaving a film of Ru(II) precursor. The precursor is 
effectively reduced to a Ru(0) fihn creating the byproducts of released ligands. The released 
ligands are solvated in the second compressed gas mixture. After a nominal period of time, 
the radiation is stopped and the system is flushed with pure liquid C02. The system is then 
vented and the wafer is isolated yielding a Ruthenium coated surface layer. 
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EXAMPLE 8 

r>o p»,i*inn nf a CoDDcr film nnto a Micrc lprtronic Substrate using Liquid CO; 

A process for applying copper to a microelectronic substrate from liquid carbon 
dioxide is described as follows. A Cu(D metal complex capable of surface disproportionation 
is dissolved in a liquid C02 composition at a pressure of 1500 psi and a temperature of 20°C 
in a pressure vessel containing a microelectronic substrate. Supercritical helium is then used 
to displace the liquid C02 containing the Cu(D species from the vessel at or near a constant 
pressure of 1550psi. As the boundary between the liquid C02 and the supercritical helium 
passes over the substrate a thin fihn of Uquid C02 containing the Cu(D species is deposited 
onto the substrate. The pressure of the system is reduced. The substrate is heated to 380 °C to 
reduce the metallic species from oxidation state Cu(D to Cu(0) leaving a metallic fihn. The 
disproportionation byproducts are removed from the vessel by a flow of CO2 or He or by 
reduction of pressure by vacuum. The pressure vessel is then refilled with the 
C02/organometallic mixture and followed again by slow heUum displacement and thermal 
reduction. This process is repeated several times to deposit a fihn of the desired thickness. 

The foregoing is illustrative of the present invention, and is not to be construed as 
limiting thereof The invention is defined by the following clahns, with equivalents of the 
claims to be included therein. 



